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Abstract 
The globalization of society has led to the spread of the vectors, mosquitoes, and 
diseases. Each year millions of people are killed by diseases vectored by mosquitoes. For 
example, West Nile Virus alone killed over 2,000 people in North America in 2017; 8 of 
those deaths being in Illinois. Two prominent vectors of West Nile Virus are Culex 
pipiens and Culex restuans; which are difficult to differentiate based upon morphological 
features. In this study, mosquitoes collected from two Illinois counties, Coles County and 
Champaign County, were first identified based upon morphology and this identification 
was then compared to probe-based PCR analysis for species identification. Culex 
mosquitoes were also tested for a point mutation in the voltage-gated sodium channel that 
has been linked to insecticide resistance. Culex pipiens have tested positive for this point 
mutation. This study was the first of its kind to be performed on both Cu/ex pipiens and 
Cu/ex restuans in central Illinois, and showed that PCR identification is the most accurate 
way to identify the West Nile Virus vectors, Cx. pipiens and Cx. restuans, to the species 
level. It also showed that two known point mutations for the voltage-gated sodium 
channel were found in Culex pipiens populations in both Champaign and Coles Counties, 
with some individuals perhaps containing a novel point mutation. Future studies should 
continue to assess mosquito populations in these counties and others in the Midwest at 
the species level, and monitor the prevalence of insecticide resistance. Collectively, these 
data can be used to prevent and mitigate mosquito-borne illness, and help guide the use of 
pesticides to control mosquito populations. 
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Introduction 
Mosquitoes inhabit all areas of the world, except for those regions that are 
permanently covered in ice. Because of this, mosquito-borne illness is a worldwide 
threat.1 Specifically, the globalization of society has led to the spread of the vectors, 
mosquitoes, and diseases.2•3 The diseases of concern include West Nile Virus, Zika, · 
Malaria, and Dengue, which combined kill millions each year. These viruses affect 
wildlife just as much as they do human lives. For example, in 2017 alone, over two 
thousand cases of West Nile Virus were reported in North America (data from World 
Health Organization) and millions of birds have died through the years with population 
declines of over 50% observed.3 
These vector-borne illnesses disproportionately affect people in poorer areas. Data 
show that approximately 40% of the world's population live in areas where Malaria is 
prevalent, but 1 .5-2. 7 million of annual malarial deaths occur in impoverished sub­
Saharan Africa alone.2 Dengue is second only to Malaria in the number of people it 
effects worldwide, and while it is currently not endemic in the continental U.S., there is 
fear of it spreading further north from Mexfoo.4 Some species with vectoral capacity, like 
Aedes albopictus, have already shifted their habitat and have moved further north. This 
shift has been attributed to rising local temperatures, and the effects of climate change 
could cause a shift to occur with other vectors as well.5 
Not all mosquitoes are capable of vectoring disease, so some mosquitoes are of 
more importance and concern than others. The Asian tiger mosquito (Aedes albopictus), 
is one vector of high concern because it is a competent vector for the Zika Virus, which 
has recently emerged as a "public health emergency of international concern," as well as 
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the Dengue virus.1•5 Another important vector of Dengue is Aedes aegypti, which is very 
well adapted to the urban environment, which puts them in contact with heavily 
populated areas.2 Anopheles spp. mosquitoes spread the parasite responsible for Malaria 
(Plasmodium spp. ). While not all Anopheles spp. are able to spread the parasite, the 
continental U.S. does have mosquitoes from this genus that could be potential vectors.2 In 
Illinois, mosquitoes of the genus Cu/ex are of concern, because they are important vectors 
of St. Louis Encephalitis, Eastern Equine Encephalitis, and West Nile Virus.6 
Specifically, Culex pipiens and Cu/ex restuans, are the most common vectors, and 
prominent carriers, of West Nile Virus. 7 
In order to keep track of these species' range, and thus the areas where these 
viruses are potentially contractible, it is important to have a surveillance system in place. 
The information gained using a surveillance system aids control programs in mosquito 
abatement, which includes using larvicides to treat water sources and adulticides to fog in 
specific areas.8 It is also important to monitor mosquito populations to prepare for 
possible outbreaks, which allows for anticipatory adaptations to be in place.4•9 This is 
particularly important in the wake of global climate change; where outbreaks of diseases 
not normally seen in an area could begin to emerge.4 
Unfortunately, surveillance of mosquito populations does come with its own 
unique challenges. The main challenge is proper identification of mosquito species, 
which is critical to avoid over- or underestimating the vector population. Different 
species of mosquitoes have different rates of transmission and levels of importance as 
vectors, which means that improper identification could lead to a false sense of security 
by reporting low levels of a certain vector. Cu/ex pipiens and Cu/ex restuans are two 
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species of mosquitoes that are notoriously difficult to differentiate from one another. The 
distinguishing morphological characteristic that has been used thus far is a marker on 
Culex restuans of two white spots on the scutum, which Cu/ex pipiens does not have.10 
However, the scales that provide those markings are often lost in traps and subsequent 
handling, which is further compounded by the fact that some Culex restuans do not have 
these markings either. 
Even with combinations of other characteristics, morphological identification of 
Culex restuans is often unreliable, with the only dependable positive morphological trait 
being the dissected male genitalia.10 Often specimens in surveillance programs are 
grouped together by genus because identification to species by eye alone can sometimes 
be impossible. 11 Because there is currently little known about the ecology of Cu/ex 
restuans and its importance as a vector, it is essential to differentiate their populations 
from Culex pipiens. Understanding the ecology and behavior of different species is 
essential for defining their roles in transmission of disease and categorizing their public 
health risk.10•12 
With proper identification being essential, and morphological identification being 
unreliable, an alternative method to positively identify Cu/ex mosquitoes was explored. 
Specifically, a qPCR method for mosquito identification was developed and shown to be 
a reliable method for identification. 13 In their 2008 study, Harrington and Poulson found 
that using their 7 morphological traits for differentiating between Cu/ex pipiens and 
Culex restuans, that they had a correct morphological identification for the former only 
60% of the time, and the latter only 34% of the time compared to genomic analysis.10 
Another study also found that a PCR-based method of identification to be consistently 
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reliable even when detecting within the Cu/ex pipiens complex.13 Thus, PCR is currently 
the most reliable way to correctly identify individuals within the Cu/ex genus. 
Furthermore, by analyzing many samples at once and having the data digitalized PCR can 
be a quick and efficient way to gather information for surveillance programs. 
One of the main purposes of surveilling mosquito populations is for abatement 
strategies and so precautions can be taken with respect to mosquito-borne illnesses. In the 
United States, the application of insecticides is the most common way to minimize vector 
densities, mitigate outbreaks of vector-borne illnesses, and to decrease the populations of 
nuisance mosquitoes. A very common class of insecticides, pyrethroids, make up 20% of 
global insecticide use. 14 These pyrethroids are the result of efforts to make synthetic 
environmentally stable analogs of naturally occurring pyrethrins found in some 
Chrysanthemum spp. 14•15 Pyrethroids disrupt the voltage sensitive sodium channels, 
which leads to paralysis and death of the mosquitoes.14•16•17 Specifically, they cause 
membrane depolarization due to a prolonged opening of sodium ion channels.16-18 
Humans have begun an evolutionary arms race with mosquitoes, just as we have 
with illness-causing bacteria, so it is important to understand the genetic basis of 
insecticide resistance in order to mitigate their adaptations. There are two main ways by 
which mosquitoes can resist being knocked down by insecticides. One way is by an 
increase in enzymes produced by cytochrome P450 genes. The overproduction of these 
detoxifying enzymes allow for sequestering and/or degrading the insecticide before it 
reaches the nervous system. This is referred to as mechanical resistance.14•19 Another 
method, knock-down resistance (kdr), occurs because of single-point mutations in a 
voltage-gated sodium channel protein (L1014F, L1014H, or L1014S).14•16 These 
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mutations in the insecticide neural target renders them less sensitive to insecticide.19•20 
Many studies have shown that, using primers and probes that were designed from 
sequences for the voltage-gated sodium channel, it is possible to successfully detect kdr 
mutations in many species of mosquito, including Cu/ex pipiens. 6,lS.21.22 
In the present study, Cu/ex pipiens and Cu/ex restuans were sampled from 
locations in Champaign and Coles counties during the summer of 2016, as a part of a 
larger, ongoing state-wide mosquito survey. These samples were identified to the species 
level using morphological features as well as genotyped using qPCR. The mosquitoes 
were also analyzed for the single-point mutations (Ll014F and Ll014S) in a voltage­
gated sodium channel (VGSC) gene that are known to lead to knock-down resistance to 
insecticides. 
Methods and Materials 
Sites! Sample Collection 
Samples were taken from nine different locations in Champaign County and six different 
locations in Coles County, with each location classified as either rural/wooded or 
city/residential (Appendix Table 1). There were 15 collection dates for Coles County and 
35 collection dates for Champaign County, which were made over the summer field 
season of2016 (Appendix Table 2). These collections were part of a statewide survey 
that was ongoing through the Medical Entomology Laboratory at the Illinois Natural 
History Survey (Champaign, IL). Each location was situated with a CDC light trap and a 
CDC gravid trap (Appendix Figure 1) for collection of mosquitoes. The light traps were 
baited with C02 using dry ice. Gravid traps were baited with grass infusion, which was 
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infused for 2 days prior to use. Traps were set out in the afternoon, left overnight, and 
retrieved the following afternoon. Nets from the traps were brought back to the lab and 
were placed in a -80°C freezer to eutbanize the insects. Adult Cu/ex mosquitoes were 
examined under a dissection microscope (Zeiss Stemi DV4, Carl Zeiss) and identified 
using morphological characteristics to species when possible using characteristics from 
Harrington and Poulson (2008).23 Specimens were stored for further testing in individual 
tubes in a -80°C freezer. Females were used for analysis because they are of concern for 
vectoring disease, while males were discarded. 
DNA Extraction 
One leg was taken from each mosquito and was suspended in 100 µl of grinding buffer 
(Qiagen, Valencia, CA) and were then ground using a TissueLyser II from Qiagen. DNA 
was extracted from each sample using the DNeasy® Blood & Tissue Kit (Qiagen) 
following the protocol for Purification of Total DNA from Animal Tissues. DNA was 
quantified by using a NanoDrop TM ND-1000 Spectrophotometer (Nanodrop 
Technologies, Wilmington, DE). 
Polymerase Chain Reaction (PCR) 
1. Species Identification 
This experiment used field-collected, adult Cu/ex pipiens and Cu/ex restuans mosquitoes. 
Confirmation of species for the samples was performed using a duplex qPCR on a 
QuantStudio 3 Real-Time PCR System (Applied Biosystems, Foster City, CA) with the 
following program: 95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 58°C for 30 
s, and then 72°C for 30 s. Each reaction (20 µl) consisted of the following: 2 µl of 
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extracted DNA, I 0 µ1 SensiF ASTTM One-Step Master Mix (Bio line), I µl of Cu/ex 
pipiens forward primer, I µl of Cu/ex pipiens reverse primer, 0.5 µl of Cu/ex pipiens 
probe (FAM), I µl of Cu/ex restuans forward primer, 1 µl of Cu/ex restuans reverse 
primer, 0.5 µl of Cu/ex restuans probe (JOE), and 3 µl ofDNnse-free water. The primers 
and probes for Cu/ex identification were developed at the University of Illinois's Medical 
Entomology Laboratory and their specificity was previously described. 24 Primers, probes, 
and positive controls were purchased through Integrated DNA Technologies, Inc. (IDT). 
2. Voltage-gated sodium channel mutation analysis 
The DNA from samples that were confirmed as either Cu/ex pipiens or Cu/ex restuans 
were then used to test for voltage-gated sodium channel (VGSC) gene point mutations 
using qPCR . TaqMan probes and primers were developed based on the VGSC listings 
from GenBank (A Y283038.  l and KU94959 l. l) and were synthesized by IDT. The list of 
primers and probes is provided in Table 1 .  Species-dependent duplex qPCR reactions 
were conducted in a 20 µl reaction mixture containing 2 µl of extracted DNA, I 0 µl 
SensiF ASTTM One-Step Master Mix (Bioline ), 1.8 µl of forward primer, 1.8 µl species­
specific reverse primer, 0.6 µl of wildtype probe, and 0.6 µl of probe detecting for the 
point mutation (L1014F or Ll014S), and 3.2 µl DNase-free water.24 All samples were 
tested for wildtype as well as Ll014F and Ll014S mutations using a QuantStudio 3 R eal­
Time PCR System (Applied Biosystems) with the following cycling conditions: 95°C for 
5 min, followed by 40 cycles of 95°C for 30 s, 61°C for 30 s (Cu/ex restuans) or 60°C for 
30 s (Cu/ex pipiens), and then 72°C for 30 s. 
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Results and Discussion 
This study was performed in central Illinois and sampled populations of the 
mosquito species Cu/ex pipiens and Cu/ex restuans from Champaign County and Coles 
County. The mosquitoes collected were identified to the species level where possible and 
the identities were qPCR confirmed. qPCR was also used to test the collected mosquitoes 
for the presence of point mutations in a voltage-gated sodium channel that have been 
linked to knock-down resistance (kdr) in Cu/ex pipiens in previous studies. However, the 
present study was the first to look at kdr point mutations in Cu/ex pipiens and the closely 
related Cu/ex restuans in central Illinois. 
In all habitats from both counties examined, Cu/ex pipiens and Cu/ex restuans 
samples were collected (Table 2). Of the Cu/ex pipiens mosquitoes identified from Coles 
County using morphological characteristics, 49% were confirmed by qPCR , while 61 % 
of the Cul ex restuans mosquitoes identified from Coles County were confirmed by qPCR 
(Figure 1 ). By contrast, 85% of Cx. pipiens and 23% of Cx. restuans from Champaign 
County were correctly identified using morphological characteristics when compared to 
qPCR data (Figure 2). These results show that for Culex pipiens and Culex restuans, 
morphological identification was not reliable at the species level. The variation in 
successful morphological identification attempts could be attributed to the fact that 
different technicians of varying skill levels were identifying the mosquitoes. There were 
also many mosquitoes that were not confirmed as either Cx. pipiens or Cx. restuans 
(Figures I and 2), which could be attributed to the misidentification of Cu/ex salinarius 
or Culex tarsalis, both of which could be mistaken as Cx. pipiens or Cx. restuans due to 
their similar physical attributes (Figure 3). These findings were similar to a 2008 study 
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that examined the reliability of using physical characteristics compared to molecular 
identification, which found that morphological identification of these species was also 
unreliable. Specifically, they found that using seven traits for morphological 
identification led to Cx. pipiens identification accuracy of 60%, and Cx. restuans even 
less so, with only 34% accuracy. 10 
In both counties, the proportion of Cx. pipiens compared to Cx. restuans in the 
city was higher (Figures 4 and 5), which was not surprising given the preference for 
urban environments by Cx. pipiens. Bowden et al. (201 1)  analyzed data on human 
incidence of West Nile Virus (WNV) with regard to land cover in the United States and 
found WNV cases in the Northwest to be positively associated with urban land covers. 
They suggest that these regional associations are explained by the geographic distribution 
of Culex pipiens, which is a prominent WNV vector.25 Less mosquitoes were collected in 
the wooded areas of Champaign County as compared to the city locations overall (Figure 
5). This could be because of the proximity of these sites to agricultural areas, where the 
pesticides used on the crops can seep into surrounding areas.26•27 Tang et al. (2008) noted 
that concentrations of pesticide residues were higher in regions of developed agriculture 
than other areas, in an overview on the global environment. 25 Similarly, Chinen et al. 
(2016) found that pyrethroids were being flushed into Ballona Creek Watershed, in Los 
Angeles, California, via the surrounding residential and commercial lands or by soils and 
sediment being washed into the watershed from upstream urban landscapes.26 
One of the consequences of introducing pyrethroids into different ecological 
systems is the acquired resistance of insecticides by the organisms living in the various 
habitats. Resistance to pyrethroids via disruption of the sodium channels in an insect is 
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also known as knock-down resistance (kdr). Specifically, if a mosquito possesses the 
mutated form of a voltage-gated sodium channel (VGSC) gene, they will be able to resist 
the knock-down effects of pyrethroids.6 The VGSC mutations are due to a single point 
mutation in domain II, a leucine to a phenylalanine (Ll 0 l 4F) or a lcucine to a serine 
(Ll014S) of the protein (Figure 6).17•21 Mosquitoes not expressing one of these point 
mutations would be susceptible to the pesticides. Interestingly, even though this scenario 
would provide selection pressure for a mutated VGSC gene, lower percentages of 
mutations were found at the wooded sites in both counties (Figure 7). 
Culexpipiens showed both the Ll014F and the L1014S mutations (Figures 8 and 
9), while Cu/ex restuans did not show evidence of having a mutated version of the VGSC 
gene (data not shown). Of the Cx. pipiens that had VGSC gene mutations, the L1014F 
mutation was more prevalent, which was expected because it is the most frequently 
reported mutation and has been found worldwide. 14 This occurred in both Champaign and 
Coles counties (Figures 8 and 9). One possible reason that Cx. restuans did not have 
either of these point mutations could be due to their early emergence in the season 
(Figure 10), which would limit their exposure to pesticides that are typically applied later 
in the season in the Midwest as a means to treat crops that are well established. In a 2018 
study, Giordano et al. used historical surveillance data to establish geospatial and 
seasonal distributions of the 1 3  West Nile Virus vectors (including Cx. pipiens and Cx. 
restuans) that occur in Ontario, Canada.28 They found that Cx. pipiens populations were 
highest in August, while Cx. restuans peaked in May.28 The Cx. restuans in Champaign 
County and Coles County may also have a novel point mutation in the VGSC gene that 
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also confers kdr, or these mosquitoes have developed a different method of resistance 
entirely. 14 
There was also a substantial portion of mosquitoes analyzed that did not show the 
wildtype genotype or the known mutant genotypes. While this could be the result of a 
false negative test, it could also be that there are unique mutations to the VGSC gene 
aside from those reported in the literature. Li et al. (2016) found hundreds of genes that 
were upregulated by insecticide-resistant Cu/ex pipiens pa/lens and Cx. pipiens 
quinquefasciatus. They did this by isolating the genes correlated with insecticide 
resistance using high throughput lllumina sequencing.20 In the present study, point 
mutations were detected in VGSC gene in 20% of the sampled Coles County Cx. pipiens 
population and 19% of the sampled population from Champaign County regardless of 
habitat type. This lower than expected percentage may be attributed to a fitness cost when 
not in the presence of selection pressures. 14.29 For example, Berticat et al. (2008) 
examined how the fitness of Cx. quinquefasciatus was influenced in a laboratory 
environment in the presence and absence of insecticide. They found that there were 
fitness costs which were associated with having the point mutations in an insecticide-free 
environment.28 
Conclusion 
This study demonstrated that qPCR identification is the most accurate way to identify the 
West Nile Virus vectors, Cx. pipiens and Cx. restuans. This was the first study to 
examine VGSC gene mutations in both Cx. pipiens and Cx. restuans in central Illinois, 
which revealed genotypes known to confer insecticide resistance in Cx. pipiens 
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populations. However, none of the known point mutations for the VGSC gene were 
detected in the sampled Cx. restuans population. That insecticide resistance is occurring 
in these populations at all should be a warning to examine current abatement practices in 
central Illinois, and a<lju::;t accordingly to prevent selection pressures from increasing the 
prevalence of the mutated VGSC gene in mosquito populations. In the future, the DNA 
from the mosquitoes that did not test positive for any of the genotypes will be examined 
for novel point mutations that could convey insecticide resistance. Also, these future 
studies should expand the collection sites to determine if there is a statistically 
meaningful correlation between land type and the mutated VGSC gene, and should 
explore additional methods of resistance in Cu/ex restuans besides mutated sodium 
channels. 
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Table 1. List of sequences and description of primers and probes that were used to detect 
point mutations (L1014F and L1014S) in the voltage-gated sodium channel gene. 
: .. �� �." .. �on 5'·3' sequence 
Kdr_Cx_F Forward primer GTG TCC TGC A TT CCG TTC TT 
Kdr_Cxrest_R Reverse primer: ex. restuans nc GTT ere ACC TTT CTT  
Kdr_Cxpip_R Reverse primer: ex. pipiens nc GTT CCC ACC TTT CTT G 
Wild_CxKdrProb Probe: ex. pipiens wildtype Vic-ere ACG ACT AAA TTT C-MGB 
Wild_RestKdrProb Probe: ex. restuans wildtype Vic-ere ACG ACT AAG TTT C-MGB 
L1014F_CxKdrProb Probe: ex. pipiens F point mutation FAM-CAC GAC AAA TTTC-MGB 
L1014F _RestKdrP Probe: ex. restuans F point mutation FAM-CAC GAC AAA GTI TC-MGB 
L1014S_CxKdrProb Probe: Cx. pipiens S point mutation FAM-CAC GAC TGA ATT TC-MGB 
L1014S_RestKdrP Probe: ex. restuans S point mutation FAM-CAC GAC TGA GTT TC-MGB 
FAM: 5' 6-Fluorescein 
Vic: 2'-chloro-7'phenyl-1,4-dichloro-6-carboxy-fluorescein 
MOB: minor groove binder 
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Table 2. Total qPCR-confirmed specimens of Cx. pipiens and Cx. restuans for each 
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Fi.gure 1 .  Cx. Pipiens and Cx. restuans specimens for Coles County organized by 
identification. Visual ID Total refers to the total number of mosquitoes that were 
identified based upon morphological characteristics to be that species. PCR-confirmed 
refers to samples that were visually identified as one species and the PCR showed that 
identification to be correct. False Visual ID refers to samples that were visually identified 
as one species, but the PCR showed it to be the other species. Misidentification refers to 
the cases where it was visually identified to be one species but did not register as either 
study species when tested via PCR. 
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Figure 2. Identification totals for Champaign County. Visual ID Total refers to the total 
number of mosquitoes that were identified based upon morphological characteristics to 
be that species. PCR-confirmed refers to samples that were visually identified as one 
species and the PCR showed that identification to be correct. False Visual ID refers to 
samples that were visually identified as one species, but the PCR showed it to be the 
other species. Misidentification refers to the cases where it was visually identified to be 











Figure 3. Drawings depicting the physical characterisitics that are used to clasify 
__ ) 
mosquitoes in the genus Culex: a) Culex pipiens, b) Culex restuans, c) Culex salinarius, 
and d) Culex tarsalis.30 
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Figure 4. qPCR-confirmed mosquito specimens from Coles County. 
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Figure 6. Position of pyrethroid resistance-associated sodiUUl channel mutation L1014F 
and Ll014S in domain II of Culex mosquitoes.21 
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Figure 7. Percentages of Cx. pipiens specimens harboring a point mutation (L1014F or 
Ll014S) within a VGSC gene in relation to land type and location. 
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Figure 8. Number of Cx. pipiens specimens from Coles County with a wildtype VGSC 
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Figure 9. Number of Cx. pipiens specimens from Champaign County with a wildtype 
VGSC gene, Ll014F or Ll014S mutations, or an unknown mutation. 
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Appendix Table 1 .  Coordinates for the locations of the traps used in the present study. 
CU refers to Champaign-Urbana. Trelease and South Farms are both wooded properties 
that are owned and used for research by the University of Illinois. 
Trap Location Coordinzites Columnl Column2 
-�� 
Residential CU 1 40.10814 -88.216799 
Residential CU 2 40.1049 -88.21373 
Residential CU 3 40.09173 -88.28139 
Trelease 1 40.129895 -88.143335 
Trelease 2 40.130032 -88.142641 
Trelease 3 40.129657 -88.140042 
South Farms 1 40.084335 -88.214262 
South Farms 2 40.084581 -88.214667 
South Farms 3 40.084722 -88.215698 
Coles Residential 1 39.4856629 -88.162837 
Coles Residential 2 39.484298 -88.174168 
Coles Residential 3 39.4756363 -88.1906883 
Coles Wooded 1 39.4856629 -88.162837 
Coles Wooded 2 39.667101 -88.045134 






























































































Appendix Table 2. List of sample dates for 
Champaign and Coles County during the 
summer of 2016. 
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Appendix Figure 1 .  CDC gravid trap (left) and CDC light trap (right). 
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